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ABSTRACT 
The localization and chemical determination of acetylcholin  esterase  in the frog sympathetic 
and dorsal root ganglia were studied by a combination of the methods of electron micros- 
copy, histochemistry, and microgasometric analysis with the magnetic diver. The Koelle- 
Friedenwald copper  thiocholine histochemical method  was modified by  eliminating the 
sulfide conversion and by treatment of the tissue with potassium permanganate. In fixed 
tissue,  enzymatic activity was demonstrated on the inner surface of the endoplasmic reticu- 
lum, nuclear envelope, subsurface cisternae, and agranular reticulum of the  perikaryon 
and axon.  In briefly fixed tissue,  end product appeared also at the axon-sheath and the 
sheath-sheath interface. Activity  at the synaptic  junction was most readily obtained in unfixed 
tissue.  Isolated neurons recovered from the diver following chemical analysis were studied 
with the electron microscope. Cells having a high enzyme activity showed a badly ruptured 
or absent neural plasmalemma and sheath.  In this case the measured activity was appar- 
ently due to the enzyme present in the endoplasmic reticulum. Neurons having low activity 
exhibited an intact plasmalemma and sheath. This may reflect the effectiveness of the neural 
plasmalemma and sheath as a penetration barrier. The effects of fixation on enzyme activity 
are discussed.  Electron microscopic examination of cells following microgasometric analysis 
is shown to be essential for the interpretation of the biochemical data. 
INTRODUCTION 
Electron  microscope  cytochemical  studies  of 
acetylcholinesterase in the nervous system  can be 
used to advantage in conjunction with microgaso- 
metric analysis of this enzyme in individual neu- 
rons with the magnetic diver (9,  ll, 13, 51). The 
cytochemical localization of end product in tissue 
blocks can suggest  what components of the indi- 
vidual  neurons contain  the  enzyme  responsible 
215 for the quantitative biochemical data. At the same 
time,  biochemical  support  for  the  cytochemical 
identification of the enzyme is obtained. Electron 
microscope examination of single neurons follow- 
ing microgasometric analysis can significantly in- 
fluence the interpretation of the biochemical data 
by  providing information on the  morphological 
state of the cell. 
Cholinesterase activity of isolated  sympathetic 
and dorsal root neurons has been analyzed by use 
of the  Cartesian  diver  (21,  22).  The  magnetic 
diver (I 3), however, offers a more sensitive method 
for  quantitative determination of the  activity of 
the  enzyme.  Isolated  neurons  have  previously 
been examined with the electron microscope (28, 
59,  60), but no mlcrochemical analysis was done. 
In those studies extensive disruption or removal of 
the  cell  membrane was  reported. Johnston and 
Roots  (28)  stated that the absence of a  physical 
boundary from isolated neurons would undoubt- 
edly alter rates of penetration of substrates or other 
components into the cell, and suggested that meta- 
bolic examination of these cells  be monitored by 
electron microscope studies. 
A  number of techniques have  been employed 
with  varying degrees  of  success  to  the  study of 
cholinesterase localization with the electron micro- 
scope,  such as the azo dye method (16, 38), thiol- 
acetic acid  methods  (3, 4,  6,  16, 32, 46,  67,  73), 
thiocholine methods (5, 7, 29, 39, 40, 44, 65, 72), 
and the reduced OsO4 method (24).  So far,  thiol- 
acetic acid methods have been used most exten- 
sively,  but the substrate is hydrolyzed by various 
types of  cholinesterases and esterases.  The  spec- 
ificity  of  this  method, therefore,  relies solely on 
the  use  of  selective  inhibitors. A  more  specific 
substrate, such as a thiocholine salt, in addition to 
selective inhibitors, would be more desirable. 
The cytochemical technique employed in this 
study is based on the copper thiocholine method 
devised by Koelle and Friedenwald (33). Modifi- 
cations of this method, which have been used to 
study the nervous system of a variety of species at 
the light microscope level, in general have shown 
that  acetylcholinesterase  is  localized  predomi- 
nantly within neurons, and that nonspecific cho- 
linesterases are in satellite cells, glia, and connec- 
tive tissue elements. The extensive bibliography is 
reviewed by Koelle (3 I). 
A number of investigators (5, 7, 29, 44) have en- 
countered  difficulties  in  obtaining  satisfactory 
localization when the Koelle-Friedenwald method 
was  applied  to  electron  microscope  techniques. 
An attempt was made to modify the procedure by 
using silver as the capturing agent (5,  7), but the 
size of the end product and its localization did not 
seem  to  be  significantly improved.  Karnovsky 
(29)  developed  an  indirect  thiocholine method 
utilizing copper ferrocyanide as the end product. 
This method appeared to give satisfactory locali- 
zation of cholinesterase activity in rat sciatic nerve, 
but a  randomly dispersed nonenzymatic precipi- 
tate was reported  (65).  Miledi (44)  reported that 
the  copper  thiocholine complex,  untreated with 
sulfide,  could  readily  be  washed  away  from  its 
initial site by solutions, such as phosphate buffer, 
thereby leading to false localization of end prod- 
uct. Contrary to the results of others (5, 7, 29, 44), 
Lewis and Shute (39)  claimed satisfactory locali- 
zation of acetylcholinesterase in the nervous sys- 
tem  by  use  of  the  copper  thiocholine method, 
which included conversion of the complex to cop- 
per  sulfide  with  sodium  sulfide  and  postfixation 
with osmium tetroxide. Zajicek et al.  (79),  have 
emphasized, however, the possibility of diffusion of 
the end product during conversion, and Real and 
Luciano (56) have pointed out that certain sulfides 
are removed from tissue after prolonged fixation in 
osmium tetroxide. 
The Koelle-Friedenwald method does have the 
advantage  of  utilizing a  relatively specific  sub- 
strate  (33)  in a  medium that  is  stable for many 
hours. The present investigation was undertaken 
to determine whether further modifications could 
make this method more usable for the localization 
of cholinesterases at the  uhrastructnral level.  In 
preliminary reports of this study  (12,  72),  it was 
shown that elimination of the sulfide  conversion, 
as  suggested  for  light microscopy  (26,  79),  and 
postfixation of the tissue with potassium permanga- 
nate  (41),  provides  a  reproducible  method  for 
electron microscopy in which the end product is 
well localized. It was planned to study the cyto- 
chemical  localization  of  acetylcholinesterase  in 
cells from the sympathetic and dorsal root ganglia 
and also to perform quantitative measurements of 
the enzyme in isolated cells from these ganglia. An 
examination was also done of the fine structure of 
isolated ceils  following microgasometric measure- 
ments, in order to verify the presence or absence 
of the  cell membrane and  satellite sheath,  since 
the condition of these structures might be expected 
to influence the interpretation of the quantitative 
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preservation of cell organelles. 
The  frog was used for this study,  since a  previ- 
ous histochemical and  manometric  study  had  re- 
ported  that  the  cholinesterase in  the frog  central 
nervous system was predominantly of the  specific 
type  (66).  Nonspecific  cholinesterase,  if present, 
was not detected by direct chemical assay or histo- 
chemical characterization.  The use of this species, 
therefore,  reduces  or  eliminates  this  variable. 
Nevertheless, precautions were taken to use appro- 
priate inhibitors and substrates for further specify- 
ing the enzyme. A  number  of studies on the fine 
structure  of sympathetic  and  dorsal  root  ganglia 
have  appeared  (2,  14,  18,  45,  53-55,  61-63,  70, 
71,  78)  which  provide  a  morphological  basis for 
the present study. 
MATERIALS  AND  METHODS 
Animals and Fixation 
Adult  frogs,  Rana pipier~, were  decerebrated  and 
the  cervical  sympathetic  and  lumbar  dorsal  root 
ganglia  were  fixed  either  by  perfusion  through  the 
heart  or  by  immersion in fixative.  The  fixative  was 
2 or 4% formaldehyde, prepared from paraformalde- 
hyde  (58),  or  2%  glutaraldehyde  (64),  buffered  to 
pH  7.4  with  0.05  ~  or  0.1  M phosphate bufl'er.  For 
some specimens  120  m~  sodium chloride  and  3  m~ 
magnesium sulfate  were  added  to  the  fixative.  The 
ganglia  were  cut  into  0.2-  to  0.3-ram  blocks  or  else 
teased  into  small  cell  clusters  in  the  fixative.  The 
specimens were fixed for 5  to 60 rain at 4°C or room 
temperature and then washed for 1 to 16 hr in several 
changes  of frog  Ringer's  solution  (120  mM  sodium 
chloride and  3  mM magnesium sulfate).  Some speci- 
men  blocks  were  not  fixed  prior  to  incubation,  in 
order  to  determine the  effect of fixation  on enzyme 
activity and on barriers to cellular penetration of the 
substrate. 
Incubation Medium 
The  tissue  blocks  were  incubated  with  constant 
agitation for 5 to 30 min at 4°C in a freshly prepared 
medium similar to that recommended by Koclle and 
Friedenwald  (33).  For  the  demonstration of sites of 
acetylcholinesterase  (ACHE)  activity,  acetylthio- 
choline iodide (AThCh)  3.46  X  10  -3 M (used  as  the 
iodide),  and  iso-OMPA  (tetraisopropyl  pyrophos- 
phortetramide)  2  X  10 -5 ~t or 2  X  10  -4 M, which is 
considered  to  be  an  irreversible  inhibitor  of  non- 
specific or butyrylcholinesterase  (BuChE)  (52),  were 
added  to  the  following  medium:  0.02  M  glycine, 
0.004  ~  copper  suffate,  0.03  M  magnesium  sulfate, 
and 0.02 M sodium hydrogen maleate buffer at pH 6. 
In earlier studies 0.12  M sodium chloride was added, 
but  was  not  found  necessary  in  later  studies.  The 
medium was  adjusted  to  pH  6  with  0.02  ~  sodium 
hydroxide.  Prior  to  incubation,  the  tissue  was  pre- 
incubated for 30 man in the copper glycinate medium 
lacking the substrate but  containing the  appropriate 
inhibitor. 
Controls 
To  determine  the  effect  of  inhibitors  on  AChE 
activity,  the  following  substances  were  used  in  the 
preincubation  and  incubation  medium:  BW  284 
C  51,  2  X  10  -4 M, or eserine (physostigmine sulfate) 
1  X  10  -4 M,  which  is  considered to  be  a  reversible 
inhibitor  of cholinesterases  (ChE)  in  general. 
To  determine whether sites of nonspecific cholin- 
esterase  activity  were  present,  butyrylthiocholine 
iodide  (BuThCh)  3.1  X  10 -3 )x  (used as the iodide) 
was employed as the substrate in the above medium 
with or without the inhibitor BW 284 C  51  (1,5-bis- 
[4-allyldimethylammoniumphenyl]  pentan-3-one  di- 
bromide)  i  )<  10 -5 ~, 2  )<  10  -5 M, 2  X  10 -4 ~, which 
is  considered to  be  a  reversible  inhibitor  of specific 
cholinesterase, or acetylcholinesterase (20,  30). 
Following  incubation,  the  tissue  was  washed 
briefly in cold distilled water and then treated with a 
freshly prepared  solution of 1%  potassium  perman- 
ganate  (41)  for  10 min.  Longer fixation periods may 
result  in  brittle  tissue  blocks. 
Conversion 
The effect of conversion of the copper thiocholine 
end  product  to  copper  sulfide  was  tested  by  use  of 
ammonium  sulfide  (33),  sodium  sulfide  buffered  to 
pH  5  with  acetic  acid  (39),  and  hydrogen  sulfide 
(26)  saturated  solutions.  Conversion was carried out 
in this study by immersing blocks of tissue, containing 
the copper thiocholine end product, for  15 to 30 min 
in  distilled  water  or  in  0.02  M  sodium  hydrogen 
maleate buffer at pH 6, freshly saturated with hydro- 
gen sulfide.  The  tissue  was  then washed  thoroughly 
in  the  corresponding solution to  remove  the  sulfide 
reagent,  and fixed for  10  to  15  min in cold  1 or 2% 
osmium  tetroxide  (50)  buffered  to  pH  7.4  with 
Veronal-acetate or phosphate buffer. 
Electron Microscopy 
Following  fixation  in  either  potassium  perman- 
ganate  or  osmium  tetroxide,  the  tissue  was  dehy- 
drated  in a  graded series of cold ethanol or acetone 
(50,  70,  95  and  100%).  Dehydration was continued 
in several changes of absolute  alcohol or acetone for 
60  to  90  rain.  The  specimens  were  embedded  in 
either Epon  812  (42)  or  Durcupan  (Fluka  A.  G., 
Buchs,  SG,  Switzerland)  according  to  the  manu- 
facturer's directions. 
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tions  for  electron  microscopy  were  cut  with  glass 
knives on  a  Porter-Blum  (Sorvall)  microtome  or  on 
an LKB  ultratome.  Thin sections were  stained with 
uranyl  acetate  for  5  min  (77),  and  then  with  lead 
citrate  for  30  min  (57).  Electron  micrographs  were 
taken with  a  Siemens Elmiskop  I. 
Tests of the Method 
Since  factors  other  than  substrate  and  inhibitor 
may  affect  the  results  of the  mcthod,  the  following 
experiments were  done:  (1)  blocks  of fixed  and un- 
fixed  tissues were  incubated  in  the  medium lacking 
substratc  for  2  hr  to  determine  whether  nonspccific 
binding  occurs  bctwcen  the  tissue  and  the  compo- 
nents of the  medium;  (2)  blocks of fixed tissue were 
incubated in the medium containing AThCh, which 
was prepared  4  hr  and  24 hr  prior  to  incubation to 
determine the stability of the medium;  (3)  blocks of 
fixed tissue were  completely cut by alternating thick 
and  thin  sections  to  dctcrmine  whether  the  com- 
ponents  of the  medium  penetrated  into  the  interior 
of the blocks; (4) blocks of fixed tissue comaining the 
copper thiocholine end product were dehydrated and 
embedded  with  no  further  postfixation.  The  end 
product was examined unstained in thin sections. The 
following  procedures  were  then performed  in an at- 
tempt  to  determine  which  of the  common reagents 
used  for  electron  microscope  technique  readily 
solubilizc or cause diffusion of the copper thiocholinc 
end product.  Thin sections of cytochemically reacted 
blocks  were  supported  on  Formvar-coated  copper- 
mesh grids and were placed section side down on the 
meniscus of the following solutions at room tempera- 
ture and 4°C for  15 re_in: distilled water; frog Ringer's 
solution;  saline;  saturated  sodium  sulfate;  sodium 
acetate; gradcd  concentrations of alcohol or acetone; 
sodium  hydrogen  maleate  buffer  at  pH  6;  sodium 
acetate  buffer  at  pH  5;  various  buffers  at  pH  7.4 
(vcronal-acctate,  phosphate,  cacodylate,  s-collidine), 
1  and  2~v  osmium tctroxide  in water  and  with  the 
various  buffers  at  pH  7.4;  1%  potassium  perman- 
ganate;  and  routine  staining  solutions  (uranyl  ace- 
tate, urany1 nitrate, lead acetate, lead hydroxide, and 
lead  citrate).  Reagents,  such  as  distilled  water, 
sodium sulfate,  alcohol,  acetone,  and potassium per- 
manganate,  were  tested  for  an  additional  15-rain 
period.  (5)  Blocks of fixed tissue comaining the end 
product which had been converted  to copper  sulfide 
were  dehydrated  and  embedded  with  no  further 
postfixatlon.  Thin sections of this tissue were  exam- 
ined  bcforc  and  after  flotation for  30  rain on a  1 ~o 
buffered osmium tetroxide solution at 4°C. 
Microgasometric  Analysis  of  Isolated  Cells 
The  following  proccdmes  were  done  by freehand 
technique  with  the  aid  of  a  dissecting  microscope. 
Dorsal  root  or  sympathetic  ganglia  were  removed 
from  Rana pipiens or  Rana  temporaria and  placed  in 
cold frog Ringer's solution in a small dish coated with 
a  thin layer  of agar.  The  connective  tissue  capsule 
was  pulled  away  with  fine  forceps,  exposing  the 
undellying  ceils  and  nerve  processes.  The  ceils  or 
fibers were  teased free  with  a  very fine glass needle. 
They  were  transferred  into  the  usual  bicarbonate 
reaction  medium containing substrate  and,  in  some 
cases,  an inhibitor  and  introduced  into  the  ampulla 
(80).  The same procedure  was then followed  as  de- 
scribed  previously  (9).  The  substrates  used  were 
acetylcholine iodide  (ACh), 3  X  10  -3 M, and butyryl- 
choline iodide  (BuCh),  1  X  10  -2 M, used as iodides. 
The inhibitors were  BW 284 C  51, 2  X  10  -5 M,  iso- 
OMPA,  2  X  10  -5  M,  and  eserine,  1  X  10  -7  M, 
1  X  10  -6 M,  1  X  10  -5 M. 
In  some  experiments  two  different  substrates  in 
succession or  one substrate followed  by  an inhibitor 
were  used  on  the  same  sample.  In  these  cases  the 
ampulla was removed from the flotation vessel after 
the first measurement, then opened, and the reaction 
fluid around  the sample exchanged for  the one con- 
taining the other substrate or inhibitor  (10, 80). 
A  similar  procedure  was  followed  in  experiments 
in  which  the  effect  of fixation on  cholinesterase ac- 
tivity was measured. The enzyme activity of unfixed 
tissue was determined, then the ampulla was opened, 
and  the  sample  was  exposed  to  2%  glutaraldehyde 
buffered to pH  7.4: with phosphate buffer for 30 min 
at  4°C.  The  sample was  washed with  frog Ringer's 
solution,  transferred  to  fresh  reaction  mixture,  and 
the  cholinesterase  activity  measured  in  the  usual 
way. 
The length and diameter of the nerve fiber samples 
were  measured  with  a  calibrated  micrometer  eye- 
piece,  and the fresh weight was calculated  assuming 
that  1 mm  3 corresponds to  1 mg of tissue. 
Electron  Microscopy  of  Isolated  Cells 
Following  microgasometric  analysis,  a  number  of 
samples were removed from the diver and fixed in 1 v~0 
potassium permanganate for 5  to  l0 rain.  They were 
then dehydrated and embedded in the same reagents 
previously described for blocks of tissue. Certain pre- 
cautions  were  taken  to  minimize  the  possibility  of 
losing  the  specimens.  Most  of  the  exchanges  of 
reagents through the specimen were done in a  micro- 
pipette.  It  was  usually  necessary  to  add  a  small 
amount  of  embedding  medium  to  either  the  pro- 
pylcne  oxide  or  acetone  exchanges.  The  specimen 
was embedded in a  drop of either Epon or Durcupan 
placed  on the  surface of the  flattened  pyramid  of a 
blank,  previously  made  in  a  B.E.E.M.  capsule 
(Better  Equipment  for  Electron  Microscopy,  Inc., 
Bronx, New York). The specimens were serially thick- 
sectioned until the tissue could be identified by phase 
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ined with the electron microscope. 
OBSERVATIONS 
Neurons of both the sympathetic and dorsal root 
ganglia fixed in either glutaraldehyde or formalde- 
hyde contain the end product of the cytochemical 
reaction in association with  the  cisternae of the 
endoplasmic reticulum (Figs.  l, 2, ER; Figs. 3, 4, 
arrows),  including the nuclear envelope (Figs.  l, 
2, NE,  and subsurface cisternae (Figs.  5, 6, SSC). 
Positive subsurface cisternae were often located at 
the  postsynaptic surface  in  sympathetic neurons 
(Fig. 6, SSC). Most of the tubuli and canaliculi of 
the Golgi complex (Figs.  l, 7, G) do not show any 
reaction, although occasionally portions of tubules 
may  exhibit  end  product  (Figs.  l,  7,  arrows). 
When present, the end product is usually located 
in what appears to be areas of transition between 
the Golgi complex and the endoplasmic reticulum. 
The smallest end product obtainable so far is a 
250- to 300-A particle (Fig. 3, arrow), which ap- 
pears with a  short  incubation period  of 5  to  l0 
min. In favorable sites, such as in dilated portions 
of the endoplasmic reticulum, the first deposition 
of end product is found adherent to the internal 
surface of the cisternal wall (Fig. 4, arrow). With 
longer incubation periods the  size  of the  copper 
thiocholine end product increases, particularly in 
length, filling  the cisternae. The larger end product, 
therefore,  indicates that  the  endoplasmic reticu- 
lure in that location has enzyme activity, but the 
more  precise  original  site  of  deposition  of  the 
product within the cisterna is obscured. 
The distribution of end product within the cis- 
ternae is sporadic, but the number of active sites 
increases with longer incubation periods. A  large 
proportion  of  the  cisternae  of  the  endoplasmic 
reticulum (Figs.  l,  19, ER) of most of the sympa- 
thetic neurons show a positive reaction after a 20- 
to  30-min incubation period.  There  is a  greater 
variation in the number of positively reacting sites 
in the  endoplasmic reticulum of neurons in the 
dorsal root ganglion, even between closely grouped 
cells.  A  correlation can be  made  between  mor- 
phology and the cytochemical activity of two  cell 
types identified in the dorsal root ganglion. One 
type, a small neuron which has few filaments but 
a large amount of endoplasmic reticulum (Fig.  2, 
ER),  shows a  large number of positively reacting 
sites.  Another type, a  moderate to large, densely 
filamented  neuron which  has  a  relatively small 
amount of endoplasmic reticulum, contains fewer 
positively  reacting  sites  (Fig.  22,  arrows).  The 
endoplasmic  reticulum  is  randomly  scattered 
among large bundles of filaments (F) in this type 
of neuron, and is equally sparse  among the aggre- 
gates  of  ribosomes  of  the  peripherally  located 
Nissl bodies. Filaments are demonstrated better in 
OsO4-fixed  preparations than  in permanganate- 
treated tissue (62).  The morphology of other me- 
dium- to  large-size neurons cannot be correlated 
with their cytochemistry. The endoplasmic reticu- 
lum and filaments are roughly equal in proportion, 
and they are randomly dispersed throughout the 
neural perikaryon. Some of these neurons have a 
large number of positively reacting cisternae; in 
other cases, relatively few are positive. 
The end product is not present in the nucleo- 
plasm (Figs.  1, 2, N), mitochondria (Figs. 2, 3, 7, 
M), dense bodies (Fig. 2, B), or in the endoplasmic 
reticulum of satellite cells,  Schwann cells,  endo- 
thelial cells, or fibroblasts in either the sympathetic 
or dorsal root ganglion, under the same conditions 
of fixation and incubation. Although random de- 
posits may be found from time to time, in general 
very little precipitate is seen throughout the con- 
nective tissue areas (Fig. l, CT) in properly fixed 
and incubated tissues. 
The agranular reticulum of the proximal por- 
tion of the axons of sympathetic neurons (Fig.  1, 
double-shafted arrow), as well as of other unmyeli- 
nated (Fig. 8, arrows) or myelinated axons (Fig. 9, 
arrows)  within the  ganglion, often contains end 
product. The identification of large processes lack- 
ing myelin sheaths as "axons" (Fig. 8) is supported 
by previous studies which reported the absence of 
dendrites on frog sympathetic neurons (53, 68, 70). 
Moreover, this process closely resmebles the broad 
axon  of  the  sympathetic  neuron  (Fig.  I).  The 
membrane  and  the  interface  of  the  axon  and 
Schwann cell of many myelinated (Fig. 10, arrow) 
and unmyelinated fibers (Figs.  11,  12, arrows) in 
the  sympathetic  ganglion  often  contain  dense 
linear end product, particularly after brief periods 
of fixation. A similar reaction may be found at the 
neural plasmalemma and Schwann sheath and at 
wrappings of  Schwann cell  cytoplasm  (Fig.  12, 
double-shafted arrow) and satellite cell cytoplasm. 
A positive reaction in the same sites has been seen 
in the dorsal root ganglion. The  end product has 
been seen only occasionaly in association with syn- 
apses of fixed sympathetic ganglia. When present, 
the end product is on both opposing membranes 
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the  surface  of its  sheath  (Fig.  13,  arrow),  or  of 
the neural cytoplasm (Fig.  14,  arrow). 
Un~xed Tissue 
The  application  of  the  present  cytochemical 
method to unfixed tissue gives somewhat different 
results than  with  fixed tissue.  A  positive reaction 
is  much  more  readily  obtained  around  synaptic 
endings in tissue unfixed prior to incubation (Fig. 
15, SY, SY'). The end product is present at neural 
(arrows)  and  sheath  (double-shafted  arrow)  sur- 
faces of the synaptic  ending.  The end  product  is 
usually somewhat longer and crystalline in unfixed 
tissue,  and  tends  to be less discretely localized to 
specific  sites.  Unlike  the  findings  in  fixed  tissue 
(Fig.  l, ER), very little end product is found asso- 
ciated with the endoplasmic  reticulum as long as 
the  sheath  and  neural  plasmalemma  remain  in- 
tact. End product  may be found, however, in the 
endoplasmic  reticulum  of  cells  showing  obvious 
damage and disruption of their surfaces. A  crystal- 
line  precipitate  is  often  randomly  distributed 
throughout  the connective tissue  (CT) of unfixed 
tissue even after short incubation periods,  thereby 
making it difficult to  properly  evaluate the  cyto- 
chemical reaction in nerves and sheath cells. 
Inhibitors and Other Tests 
The  end  product  of the  cytochemical  reaction 
using  AThCh  as  substrate  is  present  in  fixed  or 
unfixed  tissue,  with  (Fig.  l)  or without  (Fig.  19) 
the use of the inhibitor, iso-OMPA. Iso-OMPA at 
a  concentration of 2  )<  l0  -4 M was routinely used 
in  these  preparations  to  be  certain  that  the  end 
product being demonstrated is not due to butyryl- 
cholinesterase activity. At this concentration some 
of the  acetylcholinesterase  activity  may  be  par- 
tially inhibited,  since fewer sites are positive than 
in uninhibited tissue and longer incubation periods 
may  be  used. 
BW 284 C  51 effectively inhibits enzyme activity 
in fixed (Fig.  17)  and unfixed tissues. Only rarely 
is end product found after the use of this inhibitor. 
Eserine  inhibits  the  surface  reaction  found  in 
unfixed tissue  (Fig.  16), that is, the activity at the 
synaptic  junction,  the  axon-Schwann  cell  inter- 
face,  and  between  folds of sheath  cell cytoplasm. 
There  is a  significant decrease  in  the  amount  of 
end product present in the endoplasmic reticulum 
of fixed  tissue  in  eserine-treated  preparations,  as 
compared  to  uninhibited  preparations,  particu- 
larly after  short  incubation  periods.  With  longer 
incubation periods  (Fig.  18),  there is an  increase 
in the number of active sites in the eserine prepa- 
ration,  but  the reaction  is never so marked  as in 
the uninhibited  specimen  (Fig.  19). 
No activity was found in this tissue when buty- 
rylthiocholine was  used  as  substrate. 
There is no precipitate in either fixed or unfixed 
tissue  when  the  substrate  is  omitted  from  the 
medium,  even  after  2  hr  of  incubation.  Tissue 
incubated  in the medium prepared  with the sub- 
strate either 4 or 24 hr prior to incubation showed 
very little difference from that  incubated  in  me- 
dium  prepared  just  before  use.  Blocks  of  tissue 
which  were  completely  sectioned  by  alternating 
several thick  sections with thin  ones showed  that 
the central portion of the blocks exhibited the same 
variations in activity, from one cell to another,  as 
was found closer to the surface. 
The  copper  thiocholine  end  product  in  tissue 
previously fixed in glutaraldehyde, but not treated 
with  potassium  permanganate  prior  to  dehydra- 
tion and  embedding,  can be seen as an  electron- 
opaque  crystallike  material  (Fig.  20,  arrow)  in 
FmvRn  1  Electron mierograph  of a  typical  glutaraldehyde-fixed sympathetic  neuron, 
treated  with  reagents  for  AChE localization.  The  end  product  is  associated  with  the 
endoplasmic  reticulum  (ER) scattered  throughout  the  cytoplasm,  as  well as  with  the 
nuclear envelope (NE) and the agranular reticulum of the axon (double-shafted arrow). 
No precipitate is present in the nucleus (N). Most of the components of the Golgi com- 
plex (G)  are negative, although areas of transition  between the Golgi complex and the 
endoplasmic reticulum are positive (arrows).  The thin layers of satellite cell cytoplasm, 
which invest the perikaryon closely over most of its surface, form a loose, thin-walled sheath 
over the axon hillock, the incoming nerves (AX), and their synaptic terminals  (Sir). A 
material of moderate density (*) is enclosed by the sheath. The connective tissue area (CT) 
is free of random precipitate. (AThCh -4- iso-OMPA, 30 min; postfixed in KMnO4,  stained 
section). )<  13,000. 
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containing a large proportion of cisternae of the endoplasmic reticulum (ER).  The nuclear envelope (NE) 
and many cisternae contain the end product of enzymatic activity, whereas the nucleus (N), mitochondria 
(M), and large  heterogeneous bodies  (B)  are  negative.  (AThCh  q-  iso-0MPA,  ~0  min;  postfixed  in 
KMnO4, stained section).  X  19,500. 
association  with  the  endoplasmic  reticulum  of 
neurons.  This  end  product  is  removed  from  thin 
sections (Fig.  21,  arrow)  which have been floated 
for  15  min on the meniscus of the following sub- 
stances:  (1)  dilute  salt solutions including sodium 
acetate;  (2)  osmium tetroxide in water or in buf- 
fers; (3)  all buffers tested; and  (4) all of the stain- 
ing  solutions  tested.  The  copper  thiocholine  end 
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ChE Activity of Cells Isolated  from the Dorsal Root Ganglion 
Activity is expressed in #1 COs  X  10-5/hr/sample. 
ACh  3  X  xo-a  M 
No.  of cells  Without  Iso-OMPA*  BW  284  C  5 l*  Without 
in  sample  inhibitor  ~  X  xo-5  M  ~  X  Io-~  M  inhibitor 
BuCh  I  X  I0--2  M 
Iso-OMPA 
2  X  Io-SM 
BW  284  C  5 t 
2  ~  I0--5  M 
1  1.8 
1  3.3 
1  4.8 
1  7.5 
1  12.3 
1  38.4 
1  59.4 
3  22.0 
6 
8  13.3 
11  8.6 
14 
18 
5.0 
22.1 
0.06 
Not measurable 
Not measurable 
0.80 
0.77 
0.70 
0.65 
0.53 
Not measurable 
* Iso-OMPA is considered  to be  a  specific inhibitor  of nonspecific cholinesterases,  and  BW 284  C  51  of 
acetylcholinesterase. 
product is retained when the section is floated for 
30  min on  distilled  water,  various concentrations 
of alcohol or acetone, saturated  sodium sulfate, or 
potassium  permanganate.  The end  product  is re- 
tained for even longer periods of time if the reagents 
are used  at 4°C. Dense particles of copper  sulfide 
in glutaraldehyde-fixed tissue,  which has not been 
treated  with  additional  fixatives,  remain  in  thin 
sections  floated  for  30  min  on  a  1%  buffered 
osmium tetroxide solution at 4°C.  It is recognized 
that  these  procedures  do  not  necessarily  predict 
the effect of the reagent on the copper thiocholine 
end product in the tissue prior to dehydration and 
embedding.  Nevertheless,  the  resulting  informa- 
tion was useful in developing the techniques used 
here  by  determining  which  reagents  are  most 
likely to permit retention of the end product. 
Conversion 
Conversion of the copper thiocholine end prod- 
uct to copper  sulfide  was  accomplished  with  the 
least  evidence of displacement  of end  product  by 
immersion of briefly reacted specimens in distilled 
water,  freshly  saturated  with  hydrogen  sulfide. 
The  100-  to  200-A  copper  sulfide  end  product 
appears  in  the  same  sites as in  control  tissue,  i.e. 
tissue containing the copper thiocholine end  prod- 
uct  treated  with  potassium  permanganate.  The 
use of sodium sulfide buffered to pH 5 with acetic 
acid  (39)  or of maleate buffer saturated  with hy- 
drogen  sulfide results  in the  same dense  particles 
(Fig. 22,  arrows),  and  often better preservation of 
the  tissue.  Somewhat  more  displacement  of  end 
product  may  be  found  in  these  cases,  however, 
probably due to the solubility of copper thiocholine 
in  dilute  salt  solutions.  Evidence of displacement 
of end  product  was much  greater with the use of 
ammonium  sulfide  (33).  Although  copper  sulfide 
particles may be found  in the same sites as in the 
control,  the  results  are  not  consistent.  In  some 
specimens, large stellate precipitates occur and  the 
fine particles are randomly distributed.  In others, 
the end product appears to be completely removed. 
Measurement  of Cholinesterase Aetiw~ty and 
Examination  of Isolated Cells 
Tables  I  and  II  present  the  results  of tests  on 
cells from the dorsal root ganglion and  on sympa- 
thetic  nerve fibers to  determine  the  specificity of 
the enzyme activity measured in these experiments. 
The hydrolysis of butyrylcholine is very low com- 
pared  to  that  of acetylcholine.  The hydrolysis  of 
both  substrates  is only slightly  affected,  if at  all, 
by iso-OMPA  (2  ×  10  -~ M),  an  inhibitor of non- 
specific cholinesterase, but is significantly inhibited 
by BW  284  C  51,  an  inhibitor  of acetylcholines- 
terase. 
Table  III  shows the effect of eserine inhibition 
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ChE Activity of Sympathetic Nerve Fibers 
Activity  expressed  in #1  CO2  X  10-5/rag  fresh 
tissue/hr 
ACh  3  X  10  -3  BuCh  I  X  10  -2  M 
ACh  3  X  10  -3 M 
~ ~.-  ~X~  ~X  ~  *~  ¢~X~  ~  i  ....  pie  inhibitor  10-5.  10-6.  10-7. 
~  ~  ~  7  14.5  0.9 
9.42  0.76  4  18.7  1.6 
9.97  0.88  5  18.5  1.9 
9.20  9.04  4  13.2  5.1 
6.64  6.71  6  21.0  10.7 
10.50  0.32  11  24.2  9.3 
0.60  4  9.1  8.8 
9  17.8  14.6 
0.61 
0.47  0.08 
0.42  0.05 
on  the  enzyme  activity  in  clusters of dorsal  root 
ganglion  cells.  Eserine  significantly  inhibits  the 
hydrolysis  of acetylcholine  at  a  concentration  of 
1  X  10  -5 M,  but  even  at  this  concentration  the 
inhibition is less effective than  that produced  by 
BW 284 C  51. 
Tables IV and V  show the effect of fixation on 
cholinesterase activity in cells from the dorsal root 
TABLE  III 
Inhibition of ChE Activity by Eserine of Cells 
Isolated from the Dorsal Root Ganglion 
The  activity is expressed  in #1  CO2  X  !0-5/hr/ 
sample 
and sympathetic ganglia. In both cases, the meas- 
ured  enzyme  activity  is  reduced,  but  the  loss  of 
activity  is  greater  in  specimens  from  the  sympa- 
thetic ganglion. 
The  data  obtained  from  the  measurement  of 
cholinesterase  activity,  as  well  as  the  results  of 
electron  microscope  examination  of  the  same 
samples  following  microgasometric  analysis,  are 
summarized  in  Table  VI.  The  separation  of the 
FIGURE 3  Electron micrograph of the endoplasmic reticulum of a  glutaraldehyde-fixed 
sympathetic neuron, reacted for AChE activity. The smallest end product obtainable, so 
far, has a particle size of about ~50 to 300 A (arrow). Mitochondra (M) are negative. Since 
this tissue was postfixed in KMn04, the ribosomes are not apparent. (AThCh +  iso-OMPA, 
7 min). X  85,000. 
Fracas. 4  An electron micrograph of a  preparation similar to that in Fig.  3.  The end 
product can clearly be seen adhering to the internal wall of a  dilated cisterna  (arrow). 
X  85,000. 
FmuRv, 5  An electron micrograph illustrating the end product of enzymatic activity in 
a subsurface cisterna (SSC) of the proximal portion of a glutaraldehyde-fixed sympathetic 
axon (AX). A single layer of sheath cell cytoplasm surrounds the axon.  (AThCh  -t-  iso- 
OMPA, 30 min).  )<  84,000. 
FIGURE 6  An electron micrograph of a specimen treated like that in Fig. 5. A subsurface 
cisterna (SSC) is located on the postsynaptic side of an axosomatic synapse. Another por- 
tion of the endoplasmic reticulum (ER) of the sympathetic neuron contains end product. 
(AThCh +  iso-OMPA, 80 min). X  7~,000. 
FIGURE 7  An electron micrograph of a  typical Golgi area from a  preparation similar to 
that in Fig.  1.  Most of the tubuli of the Golgi complex (G)  are negative although some 
areas, which may be transitions between the Golgi complex and the endoplasmic reticu- 
lmn  (arrow),  contain  end  product.  No  end  product  is  present  in  mitochondria  (M). 
X  7~,000. 
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for enzyme activity. End product is present in the agranular retieulum (arrows). AThCh -4- iso-OMPA, 
5 rain; postfixed in KMnO4, stained section).  X  5~,500. 
Fmv~E 9  Electron micrograph of a  myelinated sympathetic axon fixed  in glutaraldehyde and reacted 
for enzyme activity. End product is present in the agranular reticulum (arrows). AThCh ~- iso-OMPA, 
30 min; postfixed in KMnO4, stained section. X  4~,000. 
FIGURE 10  An electron micrograph of a  myelinated axon treated like that in Fig.  9.  End product is 
present on the membranes and in the cleft between the axon and Schwann cell  (arrow).  X  6~,000. FIOUaE 11  Electron mierograph of a small umnyelinated sympathetic nerve fiber fixed briefly in formal- 
dehyde and reacted for enzyme activity. End product is present on the membranes and in the cleft between 
the axon and Schwann cell (arrow). (AThCh +  iso-OMPA, 10 rain; postfixed in KMnO4, stained section). 
X  80,000. 
FIGURE 1~  An electron micrograph  of an  umnyelinated axon  fixed  in  formaldehyde and  reacted  for 
enzyme activity. End product is present on the membrane and in the cleft between the axon and Schwann 
cell (arrow)  and also between layers of the sheath cell (double-shafted arrow). (AThCh +  iso-OMPA, 10 
rain; postfixed in KMnO4, stained section. X 37,000. 
samples into high and  low activity groups  can be 
correlated  with  the degree of preservation of cell 
structure  in  each  group.  Damaged  neurons  ex- 
hibited  considerably  higher  enzymatic  activity 
than  neurons  having  intact  plasma  membranes 
and satellite sheaths. 
Phase  microscopy is useful  for general  orienta- 
tion  in  studies of isolated  cells,  but can  give only 
limited  information  concerning  the  condition  of 
the  sheath,  the neural plasmalemma,  and  the in- 
ternal  organelles.  Although  a  sheath  is visible in 
the phase micrograph of the sample having a high 
activity of 63.3  X  10  -5 #1  CO#hr  (Fig.  23,  S), 
examination of the vacuolated regions (arrow) and 
other surface areas of the neuron with the electron 
microscope  revealed  that  the  sheath  and  neural 
plasmalemma  were  ruptured  and  detached  (Fig. 
24). The neural plasmalemma often  appears to be 
firmly  adherent  to  the  cell  membrane  of  the 
sheath.  Rupture  seems to occur commonly at sites 
of swollen subsurface  cisternae. 
Many  of  the  neurons  having  high  activity 
lacked  a  satellite  sheath  and  plasmalemma  en- 
tirely. The absence of the sheath  and  the damage 
at the base of the cell were apparent  in the phase 
micrograph  of the  sample  having a  high  activity 
of 54.6  X  10  -~ #1 CO#hr  (Fig. 26),  but examina- 
tion with the electron microscope was necessary to 
confirm  the  absence  of the  neural  plasmalemma 
(Fig.  27).  The  nucleus  (Fig.  25,  N),  nuclear  en- 
velope, Golgi complex, filaments, and dense bodies 
(B)  exhibit far fewer morphological alterations in 
ruptured  cells  than  do  mitochondria  and  the 
endoplasmic  reticulum.  Mitochondria  (M)  are 
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ChE  Activity of  Cells Isolated from the  Dorsal 
Root Ganglion before and  after Fixation in 2% 
Glutaraldehyde for 30 Min 
Activity expressed  in D1 CO2 X  10-5/hr/sample 
No. of cells  Amt. of 
in sample  Before  fixation  After  fixation  inhibition 
% 
6  15.8  11.5  27.2 
8  12.3  9.0  26.7 
11  15.2  12.1  20.5 
13  10.8  7.1  34.3 
usually  swollen.  Cisternal  components  of  Nissl 
bodies (Figs. 24,  27, NB) are less likely to swell as 
much as subsurface cisternae or randomly oriented 
cisternae. 
A  phase  mierograph  of a  section  through  the 
sample  having  a  low  activity  of 3.6  X  10  -5  #1 
COjhr  (Fig.  28)  shows that  the  section  consists 
of  a  neuron  having  granular  cytoplasm  and  a 
short  axon  segment  (AX), surrounded  by a  satel- 
lite sheath (S), and possibly some connective tissue. 
When examined with the electron microscope, the 
sheath  cell and  neural  plasmalemma  were intact. 
Although  there  was  a  peripheral  zone  of  little 
density (arrow)  in the neural cytoplasm, this area 
contained  neurofilaments  and,  therefore,  did  not 
indicate cell damage as in Fig. 23. 
Although  the  satellite  sheath  may  be  thick 
enough  to  be visible in phase  micrographs,  as in 
Figs. 23 and  28,  often the sheath  is so thin that  it 
is below the limit of resolution of the phase micro- 
scope.  In  some places,  the  sheath  cytoplasm  sur- 
rounding  one  of the  two  neurons  in  the  sample 
having a  low activity of 5.4  X  10  -5 #l CO2/hr is 
approximately 500 A  thick  (Fig.  30,  arrow).  The 
neural  plasmalemma  and  sheath  were  intact 
around  both  of  the  neurons.  The  internal  or- 
ganelles are usually  better  preserved  in  the  neu- 
rons having an intact cell membrane and  satellite 
sheath.  Mitochondria  (Fig.  29,  M)  may  show 
reasonably  good  preservation  in  some  ceils,  but 
may exhibit  swelling in  others.  The  endoplasmic 
reticulum  usually  shows  a  moderate  degree  of 
swelling  (Figs.  29,  30,  ER), which  is usually  less 
marked in Nissl bodies (NB). Subsurface cisternae 
may be markedly swollen (Fig. 30, SSC). 
DISCUSSION 
Specificity and Reliability of the 
Cytochemical Method 
The  sites  of  acetylcholinesterase  activity  have 
been  shown  cytochemically  in  the  sympathetic 
and  dorsal root  ganglia  of the frog by use of the 
substrate,  acetylthiocholine,  in  conjunction  with 
iso-OMPA, which is considered to be an inhibitor 
of nonspecific cholinesterasc  (52).  The identity of 
the  enzyme was further  confirmed  by the inhibi- 
tion of enzyme activity after the use of BW 284 C 
51,  which  is assumed  to be  a  potent  selective in- 
hibitor of acetylcholinesterase (20,  30).  Moreover, 
no  activity  was  found  when  butyrylthiocholine 
was used  as a  substrate  in  either fixed or unfixed 
tissue.  The  results  of biochemical  studies  of cells 
from  similar tissue  (Tables  I  and  II)  support  the 
conclusion that the enzyme being demonstrated  is 
predominantly  acetylcholinesterase. 
FIGIJRE 18  An electron micrograph of a  preterminal portion of a  synapse, fixed  briefly 
in formaldehyde, illustrating the end product (arrow)  on the membranes and in the cleft 
between the synaptic end bulb and its sheath. Typical synaptic vesicles  (V) and glycogen 
(GL) are present in the terminal.  (AThCh ~- iso-OMPA, 10 rain).  X  47,000. 
FIGtrRE 14  An electron mlcrograph of an axo-axonic synapse fixed in formaldehyde and 
reacted for enzyme activity. End product (arrow)  is present on the membranes and in the 
cleft of the synaptic terminal (SY) and axon (AX). (AThCh +  iso-OMPA, 10 min; post- 
fixed in KMnO4, stained section). X  88,000. 
FIGURe. 15  An electron micrograph of a sympathetic neuron, which was unfixed prior to 
incubation for enzyme activity. The end product surrounds the large calyxlike ending (S Y), 
and the smaller boutons (SY  ~) at the neural (arrows)  and sheath surfaces (double-shafted 
arrow). Very little end product is present in the endoplasmic reticulum (ER). Some random 
precipitate is present in the connective tissue area (CT). (AThCh -t- iso-OMPA, 80 min; 
fixed in KMnO4, stained section).  X  19,000. 
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ChE Activity of Cells Isolated from the Sympathetic 
Ganglion  before and  after  Fixation  in  2% 
Glutaraldehyde for 30 Min 
Activity expressed  in #1 CO2  X  10-5/hr/sample 
No. of cells  Amt. of 
in sample  Before  fixation  After  fixation  inhibition 
1  23.5 
1  68.8  41.0 
1  2.1 
1  51.8 
1  8.8 
1  16.0  9.2 
2  12.3  5.7 
6  46.3  28.2 
% 
40.5 
42.6 
53.7 
39.2 
Inhibition  studies using  eserine have given  re- 
sults  which  require  further  clarification.  Eserine 
inhibited  enzymatic  activity  in  unfixed  tissue  at 
the surface of the cell, that is, at the synapse, and 
at  the axolemmal  and  sheath  surfaces.  This  is in 
agreement with studies of the motor end plate  (3) 
and of eel electroplaques (6). Eserine also inhibits 
a  considerable  amount  of  activity  in  the  endo- 
plasmic  reticulum  of frog  neurons  in  fixed  tissue 
when  short  incubation  periods  are  used.  With 
longer  incubation  periods,  eserine  is  much  less 
effective than BW 284 C  51. A  similar result was 
found in biochemical studies of eserine inhibition 
(Table III).  Although  eserine at  a  concentration 
of 1  X  10-sM has a  significant inhibitory effect on 
acetylcholinesterase activity of isolated dorsal root 
ganglion cells,  the inhibition is less complete than 
that obtained with BW 284 C  51  (Table I). Some 
degree  of resistance  of the  enzyme  in  the  endo- 
plasmic reticulum to eserine inhibition was previ- 
ously noted by Torack and Barrnett (73). Hawkins 
and Mendel (25) have reported that the displace- 
ment of eserine from the enzyme by the substrate 
proceeds more rapidly in frog brain homogenates 
than with mammalian brain homogenates. Further 
studies are needed to elucidate the effect of eserine 
on the nervous system of the frog. 
To  distinguish  between  specific  cholinesterase, 
or  acetylcholinesterase,  and  nonspecific  cholines- 
terase,  sometimes  referred  to  as  butyrylcholines- 
terase,  by  the  use  of selective inhibitors requires 
considerable caution,  as was  explicity  stressed  by 
Pearse  (52).  The  active  groups  in  the  "esteratic 
site" are generally considered  to  be similar in all 
ester-splitting  enzymes  (47).  All  inhibitors  are, 
FmURE  16  An electron micrograph of the synaptic region of a sympathetic neuron, which 
was unfixed prior to incubation in the medium containing the inhibitor eserine. No end 
product was present at the synapse (SY) or at neural or sheath sudaces, although the un- 
inhibited specimen showed a  considerable amount of activity at these sites.  (AThCh  + 
eserine, 15 rain; postfixed in KMnO4, stained section).  X  e6,000. 
FmunE  17  An electron micrograph of a  sympathetic neuron, which had been fixed  in 
glutaraldehyde prior to incubation in the medium containing the inhibitor BW e84 C 51. 
No end product is present in the cisternae of the endoplasmic reticulum (ER), although it 
is prominent in uninhibited specimens  (compare  with  Fig.  19).  The  Golgi complex  (G) 
is also negative. (AThCh -4- BW ~84 C 51, 30 min; postfixed in KMnO4,  stained section). 
X  ~6,000. 
FIGURE 18  An electron micrograph of  a  sympathetic neuron which had been fixed in 
glutaraldehyde prior to  incubation in the  medium including the inhibitor eserine. This 
neuron contained a  number of positive cisternae (ER),  whereas many other neurons had 
much less activity. In general the amount of activity found in specimens treated  with 
eserine is considerably less than that found in the  uninhibited specimen  (compare  with 
Fig.  19).  The Golgi complex  (G)  is  negative.  (AThCh  -4-  eserine, 80  min;  postfixed  in 
KMnO4,  stained section).  ×  ~6,009. 
FmVRE  19  An electron micrograph of a  sympathetic neuron, which had  been fixed  in 
glutaraldehyde prior to incubation in the medium lacking inhibitors. Most of the cisternae 
(ER)  contain end product.  A dilated cisterna at the periphery of the Golgi complex (G) 
contains end product, but most of the complex is negative. (AThCh, 30 rain; postfixed in 
KMnO4, stained section).  X  ~6,000. 
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the endoplasmic reticulum (arrow). The tissue was not postfixed prior to dehydration.  (AThCh -b iso- 
OMPA, 30 rain; unstained section).  X  26,500. 
Fmu~E 21  An electron micrograph of a tissue section, similar to that in Fig. 20, which was treated with 
uranyl acetate. Holes (arrow)  are present in the section at the former site of the copper thioeholine end 
product.  ×  19,000. 
FXGtmE £2  An electron micrograph illustrating the end product after conversion to sulfide. Fine 1O0- to 
~O0-A particles  (arrows)  and  larger aggregates  of this  substance  fill the  cisternae  of the  endoplasmic 
reticulum of a  filamented (F) neuron from a  dorsal root ganglion. AThCh  -4- iso-OMPA, 30 rain; H2S 
in maleate buffer,  30 min; postfixed in OsO4, stained section.  X  68,909. 
therefore,  only relatively specific as to the degree 
of inhibition. The reasons for these differences are 
still  poorly  understood.  Few  esterases  have  been 
analyzed in this respect, since pure or highly puri- 
fied  enzyme  preparations  are  required  for  such 
information,  and  very few of these are available. 
The difficulty of a  clear-cut distinction  is greatly 
increased,  when  inhibitors  are  applied,  in  cyto- 
chemical studies,  to enzymes within an organized 
structure where the ability of penetration,  the pH, 
and  the  charges  surrounding  the  enzyme,  and  a 
variety  of factors  may  readily  interfere  with  the 
reaction. On the other hand,  in combination with 
chemical  studies  on  the  rate  of  hydrolysis  of 
acetylcholine  and  butyrylcholine  (Tables  I  and 
II), the differences of the effects of inhibitors ob- 
served support the assumption  that the enzyme in 
this tissue is an acetylcholinesterase. These results 
in  peripheral  ganglia  are  consistent  with  a  histo- 
chemical  and  manometric  study  of  the  central 
nervous  system  of the  frog  by  Shen  et  al.  (66), 
who  were  able  to  detect  only  specific  cholines- 
terase. 
The  cytochemical  method  employed  in  this 
study has the advantage of being essentially a one- 
step  reaction in which the original  reaction prod- 
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Relationship between ChE Activity  and Structural Condztion of Cells Isolated from the Dorsal 
Root Ganglion 
The activity is expressed  in ~1 COs  X  10-5/hr/sample. 
Cells with high activity  Cells with low activity 
63.3  Partially  ruptured  sheath,  neural  plasma-  6.9  Two neurons.  Sheaths surround  both neurons, 
lemma only partially intact, short segment of  neural  plasmalemmas  intact 
axon 
57.0  Sheath  and  neural plasmalemma  absent  5.4 
54.6  Sheath  and  neural plasmalemma  absent  4.5 
49.5  Sheath  and  neural  plasmalemma  absent  3.6 
49.5  Ruptured  sheath,  neural plasmalcmma only  3.0 
partially intact,  short segment of axon 
47.1  Sheath  and  neural  plasmalemma  absent  2.4 
Two neurons.  Sheaths surround  both  neurons, 
neural plasmalemmas  intact 
Sheath  surrounds  neuron,  neural  plasma- 
lemma intact 
Sheath  surrounds  neuron,  neural  plasma- 
lemma intact,  short  segment of axon 
Sheath  surrounds  neuron,  neural  plasma- 
lemma intact,  short  segment of axon 
Sheath  surrounds  neuron,  neural  plasma- 
lemma intact,  short  segment of axon 
uct may  be visualized without further conversion. 
Postfixation  by  potassium  permanganate  prob- 
ably oxidizes the copper thiocholine end product, 
thereby increasing its density and rendering it less 
susceptible  to  removal by  other  reagents  used  in 
routine electron microscope techniques.  It  is  un- 
likely that  treatment  of the tissue with potassium 
permanganate for the length of time recommended 
in this study alters significantly the localization or 
the amount  of end  product  present.  This  is indi- 
cated by the flotation experiments using thin  sec- 
tions  of tissue  containing  the  copper  thiocholine 
end  product  untreated  with  the  usual  fixatives. 
After  flotation  on  the  surface  of potassium  per- 
manganate  for 30  min,  the  end  product  remains 
in the same sites as in the untreated  section. 
The preciseness  with  which  enzymatic  activity 
can  be  localized  in  any  cytochemical  method  is 
dependent  also  on  the  size  of the  end  product. 
Despite the advantages of this method, the smallest 
end  product  particle  is  about  250  to  300  A  in 
diameter,  which  is  somewhat  larger  than  the 
diameter  of cellular membranes  and  of the  usual 
intercellular clefts. 
As  stated  by  Malmgren  and  Sylvan  (43),  the 
initial small deposits are the only part of the cop- 
per  thiocholine  end  product  which  may  reliably 
be ascribed to enzymatic activity. The presence of 
copper ion and  copper thiocholine in the medium 
may cause growth of the original minute deposits 
into  larger  needle-shaped  crystals  to  a  degree, 
dependent  upon  the  time  of incubation  and  the 
rate  of diffusion  of uncaptured  thiocholine  from 
the active site (43,  79). 
Conversion  of  copper  thiocholine  to  copper 
sulfide by  use  of sodium  sulfide  (39,  40),  ammo- 
nium  sulfide  (33),  or by hydrogen  sulfide  (26)  as 
employed in this  study,  results in very fine dense 
particles  about  100  to  200  A  in  diameter.  These 
particles tend to be concentrated along membranes 
after short incubation periods, but fill the cisternae 
and the intercellular clefts after longer incubation. 
Although  copper  sulfide  is  a  smaller  particle,  its 
localization is not more precise than the somewhat 
larger  copper  thiocholine  crystal,  since  copper 
sulfide is derived from the latter. 
Displacement  of the  end  product  may  be  seen 
when  a  weak  salt or buffer is present  in the con- 
verting medium, but this is much less pronounced 
than  with ammonium sulfide.  Since OsO4 readily 
reacts  with  copper  thiocholine,  complete conver- 
sion to  copper  sulfide is  necessary  prior  to  post- 
fixation. Other displacement artifacts could be due 
to  removal  of  the  unconverted  end  product  by 
OsO4  or  staining  solutions.  The  localization  of 
copper sulfide does not appear to be affected by the 
short  postfixation  in  OsO4  used  in  this  study.  In 
spite  of  the  disadvantages  listed  above,  a  con- 
verted  OsO4-treated  specimen is desirable  in cer- 
tain instances since permanganate fixation does not 
demonstrate  ribonucleoprotein  particles  satis- 
factorily.  The  visualization  of  these  particles  is 
useful  for  the  identification  of  dendrites  in  the 
neuropil.  These  specimens  should  be  compared 
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which displacement of end product is less likely. 
Localization 
Short  incubation  periods  produce  a  small  end 
product  which permits precise localization of en- 
zymatic  activity.  Under  these  conditions,  it  was 
possible  to  show  that  the  end  product  appears 
first on the  internal  surface  of the  membranes of 
the  endoplasmic  reticulum  and  projects  into  the 
cisternae.  Longer incubation times demonstrate a 
greater  number  of reactive  sites  in  a  tissue,  but 
the  individual  sites  themselves  are  usually  over- 
reacted,  as judged  by the  larger  end  product.  It 
should  be  emphasized  that  the  presence  of  en- 
zymatic  activity  in  the  nuclear  envelope  should 
not be confused  with the diffusion artifact of nu- 
clear staining, since there is no end product within 
the  nucleoplasm.  A  similar  reaction  within  the 
nuclear envelope was also reported in heart muscle 
(29) and neurons (40).  Since the outer membrane 
of the  nuclear  envelope  is often  continuous with 
the  endoplasmic  reticulum  (76),  the  presence  of 
end  product  within  the  nuclear  envelope  is  not 
surprising  and  may  reflect  the  relationship  be- 
tween  these  structures. 
At certain other intercellular areas in which cell 
membranes  are  more  closely  apposed,  the  end 
product  cannot be so precisely localized as in the 
endoplasmic reticulum.  In these sites,  such as the 
synaptic regions, the interface of neural cytoplasm 
and sheath cytoplasm, and concentric sheath folds, 
the  end  product  extends from  one  membrane  to 
the other,  filling the cleft.  Thus,  it cannot be de- 
termined whether the enzymatic activity is local- 
ized  at  one  or  the  other membrane,  or  is within 
the cleft. 
The use of thiolacetic acid as a  substrate (6,  32, 
46,  67,  73)  is reported to be advantageous for the 
precise localization of the end product in associa- 
tion with cell membranes, but the same degree of 
specificity  is  not  achieved.  The  thiolacetic  acid 
method and the method used in this study show a 
similar localization of end product in certain sites, 
but also some discrepancies. The demonstration of 
enzymatic activity in association with membranes 
of the endoplasmic reticulum of neurons of the rat 
by the use of thiolacetic acid as substrate (32,  46, 
73)  is confirmed by the use of acetylthiocholine as 
substrate in the frog  (72)  and also in the rat  (40). 
Enzymatic  activity  may  also  be  obtained  within 
the  axon  process  (39,  46,  65,  72,  73),  along  the 
axonal  surface  (32,  39,  65,  67,  72),  and  along 
sheath  folds  (12,  32,  67,  72).  It  is  likely  that  at 
these  common  sites  of  activity  thiolacetie  acid 
may indeed be hydrolyzed by a  cholinesterase. 
The localization of enzymatic activity at synap- 
tic  regions  is  more  difficult  to  evaluate,  particu- 
larly  since the  enzyme  appears  to  be  sensitive to 
fixatives at  this site.  At least some  synapses  show 
FIGURE 23  Phase micrograph of the sample which showed a  high enzymatic activity of 
63.3  X  10  -5 #1  CO2/hr.  A  granular neuron and a  small segment of its axon (AX)  are 
surrounded by a satellite sheath (S) and a small amount of connective tissue. Some vacu- 
olated  areas  are  present at  the junction of  the neuron and sheath cell  (at arrow).  Oil 
immersion. X  1250. 
FIGURE 24  An electron micrograph illustrating the ruptured satellite sheath and neural 
plasmalemma of  the cell in Fig.  23.  The cisternae of the Nissl body (NB) beneath the 
rupture are not dilated.  X  11,000. 
FIGURE 25  An electron inierograph illustrating the swollen niitochondria (M) of the cell 
in Fig.  23.  The nucleus (N), nuclear envelope, and dense bodies (B) are not significantly 
altered.  )< 22,000. 
FIGURE 26  Phase micrograph of the sample which showed a  high enzymatic activity of 
54.6  ×  10  -5 ul CO2/hr. Although this granular neuron retained its contour, the surface is 
slightly roughened and damage is evident at the base. No sheath cell is evident. Oil im- 
mersion. X  1400. 
FIGURE ~7  Electron micrograph of the surface  of the cell in Fig.  26. The  sheath and 
neural plasmalemma arc absent. Cisternal components of the Nissl body (NB) show very 
little swelling. )< ~3,000. 
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39,  46,  67,  72,  73),  either on the opposing mem- 
branes,  within the  synaptic  cleft,  or on or within 
synaptic vesicles. 
Organelles,  such  as  lysosomes  (46,  73),  Golgi 
vacuoles  (46,  73)  and  some  mitochondria  (73), 
show  activity  with  thiolacetic  acid  as  substrate. 
In  the  present  study,  using  acetyhhiocholine  as 
substrate,  these  structures  did  not  show  activity. 
This discrepancy  suggests  that,  at  these  sites,  an 
enzyme  other  than  cholinesterase  is  involved  in 
the studies using thiolacetic acid. Torack and Barr- 
nett (73) have suggested that the lysosomal enzyme 
might be cathepsin  C,  because of its resistance to 
the inhibitor E  600. 
Factors  Influencing  the  Demonstration  of 
Cholinesterase Activity 
The  quantitative  differences  in  enzymatic  ac- 
tivity shown  by microgasometric analysis  (Tables 
I  and  VI)  and  the difference in number  of cyto- 
chemically reactive sites observed from cell to cell 
in the dorsal root ganglion are probably due to a 
number  of  factors.  Some  neurons  may  actually 
have  a  higher  intracellular  enzymatic  activity 
than  others.  This can be  seen with the dissecting 
microscope  during  the  procedure  of sulfide  con- 
version and  is also suggested by the differences in 
morphology of the  neurons  when  examined  with 
the  electron  microscope.  In  some  neurons,  the 
endoplasmic  reticulum  fills  the  cytoplasm;  in 
others,  it is sparser  and  scattered  among  bundles 
of filaments. The number of histochemically reac- 
tive  sites  is  usually  higher  in  the  former.  Other 
factors, however, such as differences in the enzyme 
in various parts of the cell, the presence of cellular 
barriers, and fixation also influence the results ob- 
tained in this study. 
One  of these  factors  is the  difference  in  sensi- 
tivity  between  the  cholinesterase  located  intra- 
cellularly  and  that  located  at  the  surface  of the 
cell.  The  enzyme  in  the  elements  of the  endo- 
plasmic reticulum is less sensitive to inhibition by 
eserine  than  that  located  at  the  interface  of the 
neural and  sheath  cells and  the synapse.  A  differ- 
ence in  the  effect of inhibitors  upon  axonal  and 
perikaryal  enzyme  activity  was  also  noted  by 
Torack and Barrnett (73). 
The results shown in Table VI strongly support 
the  assumption  that  the  intact,  unfixed  neural 
plasmalemma  and  sheath  form  a  permeability 
barrier to the penetration of the substrate  into the 
cell. The cells with a disrupted satellite sheath and 
plasma  membrane  exhibit  considerably  higher 
enzyme  activity  when  measured  gasometrieally 
than  do  the  undamaged  cells.  The  intracellular 
enzyme measured  in the damaged  cells was prob- 
ably  that  associated  with  elements  of  the  endo- 
plasmic  reticulum,  since  this  organelle  was  the 
only  structure  remaining  in  the  sample,  which 
exhibited acetylcholinesterase activity when blocks 
of tissue were examined cytochemically. Fractiona- 
tion studies showing the presence of cholinesterase, 
choline acetylase,  and  acetylcholine in the micro- 
some fraction of brain tissue  (1,  15,  17, 27,  37,  74) 
support this concept. Even taking into account the 
relative crudeness  of the fractionation  procedures 
which  invariably give fractions  composed  of par- 
ticles from  structures  other than  the endoplasmic 
reticulum,  such  as  the  plasma  membrane,  it  is, 
FIGURE ~8  Phase micrograph of the sample which showed a  low enzymatic activity of 
8.6  X  10  -5 gl CO2/hr. A granular neuron and a small segment of its axon (AX) are sur- 
rounded by a satellite sheath (S) and a small amount of connective tissue. The cytoplasm 
in the  axon  and  in  some peripheral  zones  of the  perikaryon  (arrow)  is less  dense than 
centrally. X  1~50. 
FIGURE ~9  Electron micrograph of a portion of one of the neurons in the sample which 
showed a  low activity of 6.9  )<  10  -5 gl CO2/hr.  Most of the mitochondria (M)  are not 
altered significantly. The endoplasmic reticulum (ER) shows some swelling.  X  19,000. 
Fiacn~, 80  Electron micrograph of a portion of one of the neurons in the sample which 
showed a low activity of 5.4  X  10  -5/~1 CO2/hr. A thin satellite sheath, only 500 A thick 
in some areas  (arrow),  surrounds  the neuron.  Subsurface cisternae (SSC) and randomly 
oriented cisternae  of the endoplasmic reticulum (ER) exhibit more swelling than  those 
related to Nissl bodies (NB). Although some mitochondria are swollen,  the majority are 
not altered morphologically. X  7800. 
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activity of the acetylcholine system is attributable 
to the endoplasmic reticulum. 
Microgasometrie  measurements  to  determine 
the  effect  of  fixation  on  cholinesterase  activity 
(Tables  IV  and  V)  show  a  significant  decrease 
after  fixation.  The  cytochemical  evidence  pre- 
sented in this study suggests that the enzyme is not 
affected uniformly throughout the cell, as was indi- 
cated  by earlier biochemical  studies  of formalde- 
hyde-fixed tissue  (69).  Fixation may have a  num- 
ber of simultaneous effects. The enzyme is at least 
partially  inactivated  by  fixative,  particularly  at 
the  surface of the  cell.  On  the other hand,  addi- 
tional enzymatic sites are revealed by the fixative, 
possibly  by  precipitation  or  removal  of the  lipo- 
protein  structures  surrounding  the enzyme.  Small 
blocks  of  tissue  rather  than  thin  frozen  sections 
were used in this study. The intact, unfixed sheath 
and  plasmalemma  of  eaeh  neuron  in  the  tissue 
block  may  impose  a  similar  permeability  barrier 
as seen in the combined microgasometric-electron 
microscopic  studies  (Table  VI).  Fixation  of the 
tissue  possibly  diminishes  the  diffusion  barrier  to 
the incubation medium, permitting its components 
to reach the intracellular enzyme to a  greater ex- 
tent. 
The data  shown in Tables IV and V, therefore, 
probably  reflect  a  composite  of  several  factors. 
Most of the enzyme at the cell surface and at least 
a  portion of the intracellular enzyme are probably 
inactivated. This could explain the spotty distribu- 
tion  of  the  end  product  throughout  the  endo- 
plasmic reticulum.  It cannot be determined, how- 
ever,  whether  the absence  of end  product  at  any 
particular  site is due to  lack of the enzyme, inac- 
tivation by fixatives, or some other cause. Some of 
the intracellular enzyme appears to be at least par- 
tially  "fixative  resistant"  in  the  eytochemieal 
studies; therefore, some of the enzyme, which was 
not available for analysis in intact,  unfixed tissue, 
may  be  measured  following fixation.  The  higher 
percentage of inhibition observed in cells from the 
sympathetic  ganglion  (Table  V)  may  reflect the 
inhibition of a  greater concentration of surface en- 
zyme which would be present at synapses adhering 
to the surface of these isolated neurons. 
The  observations of Giacobini (21)  differ from 
the data presented here, in two respects. First, ac- 
cording to his report, Giacobini found sympathetic 
cells and  nerve fibers in which  cholinesterase was 
unmeasurable.  In the present  study  in  which the 
magnetic  diver  was  used,  all  cells  examined  ex- 
hibited  enzymatic  activity  with  acetylcholine  as 
substrate,  in  the  absence  of inhibition.  This may 
be explained,  at  least partly,  by the higher sensi- 
tivity of the technique  employed here.  There is a 
second difference, in which other factors are prob- 
ably involved : the esterase activities of sympathetic 
cells reported  here are generally lower than  those 
found by Giacobini (21 ). This discrepancy is more 
difficult to  explain,  but  perhaps  the  condition  of 
the cell, as shown in Table VI, and the possibility 
of the adherence of synaptic knobs to sympathetic 
cells may have altered  activity. 
It is of interest that the acetylcholinesterase ac- 
tivity of sympathetic nerve fibers in the frog (Table 
II) is higher than that of sensory and  motor fibers 
(8). Since enzymatic activity can be demonstrated 
in the Schwann sheath of the sympathetic fibers, it 
is not,  at present,  possible to determine what pro- 
portion of the activity is purely axonal. 
It must be emphasized,  however, that  chemical 
determinations of isolated ceils and fibers, whether 
with intact or  disrupted  sheaths or  plasma  mem- 
branes, may not indicate the total enzyme aetlvity. 
Even in a  relatively small structure,  the enzymes 
may  not  be  saturated,  and  some  may  not  be 
reached at all. On the basis of previous experience, 
even  in  still  smaller  subcellular  fragments,  such 
as cleaned cell wall of squid giant axon  (9), only a 
fraction of the enzyme activity present is measured. 
For  an  estimation  of the  total  cholinesterase  ac- 
tivity  of  a  single  cell,  its  disintegration  should 
first be effected by sonication. 
Significance 
The  question  arises  as  to  the  role  of  acetyl- 
cholinesterase  at  the  various  sites  shown  in  this 
study. The demonstration  of enzymatic activity at 
the  synapse  and  along  the  axonal  surface  is  in 
agreement  with  physiological  and  biochemical 
data  indicating  a  role  of  aeetylcholinesterase  in 
the  permeability  cycle  of  excitable  membranes 
during transmission and conduction. This has been 
discussed in detail by Nachmansohn  (47-49). 
The  significance of the finding  of acetylcholes- 
terase  activity  in  the  endoplasmic  reticulum  of 
neurons can only be speculated upon,  but the ab- 
sence  of this  activity  from  a  similar  location  in 
sheath  cells,  fibroblasts,  and  endothelial  cells  in 
the fixed adult  frog ganglion suggests that  acetyl- 
cholinesterase has an important  role in these neu- 
rons.  Such  activity  at  this  site  appears  to  be  a 
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species,  although  it is reported  to  be absent  from 
neurons  of the  abdominal  ganglion  of the  cock- 
roach  (67).  Further  investigation  of  this  species 
with other techniques would be valuable. 
The possibility that cholinesterase is synthesized 
in the endoplasmic reticulum of the normal adult 
perikaryon  and  is  then  transported  via  its 
canaliculi  to  the  surface  of  the  neuron  and  its 
processes,  has  been  suggested  by  Koelle and  co- 
workers  (19,  32).  Since acetylcholinesterase of the 
microsome fraction is reported to be firmly bound 
to  membranes  (74),  one would  question  whether 
the  enzyme  is free to  flow through  the  c'isternae 
and tubuli of the endoplasmic reticulum. Another 
possible interpretation  is that  the organelle, itself, 
containing the enzyme bound  to  its external  sur- 
face may move through  the cytoplasm and  axon, 
possibly by cytoplasmic streaming.  Such a  process 
could  take  place  originally early  in  the  develop- 
ment  of the  embryo.  Evidence has  been  supplied 
(15,  34,  36)  that acetylcholinesterase may be syn- 
thesized  in the normal  adult  neuron,  in the axon 
proper.  Mechanisms  for  such  a  synthesis  ap- 
parently  do  exist,  even  though  the  ribonucleic 
acid  concentration  is  low  (23,  35).  The  acetyl- 
cholinesterase in the agranular reticulum of axons, 
therefore,  may have been  synthesized  at  this  site. 
The  enzyme  in  the  agranular  reticulum  may  be 
unrelated  functionally  to  that  at  the  axolemmal 
surface and  synapse, particularly since it is present 
in sympathetic postganglionic neurons not usually 
thought to be cholinergic. 
The presence of end  product  within  subsurface 
cisternae,  which occur in direct apposition  to the 
neural  plasma  membrane  and  often  opposite 
synaptic  terminals,  raises  interesting  questions. 
Subsurface  cisternae  have  been  considered  as  a 
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Addendum 
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